This paper evaluates the potential effects of future commercial shipping through the Northern Sea Route and Northwest Passage on the spread of nonindigenous species (NIS) between Europe, the United States and the Asia-Pacific region. We modeled NIS spread risk as a function of two factors: change in NIS introduction risk between two regions based on the expected commodity trade flow between the two regions given Arctic shipping routes, while NIS establishment risk is based on projected 2030 terrestrial climate similarities and current marine climate similarities between regions. Results indicate that the United States, China and Japan are at greatest risk for increased terrestrial and marine NIS spread between each other given their relatively high levels of trading activity and terrestrial and marine climate similarities. While increased trade between European and Asia-Pacific countries is expected in the future, only Japan has high enough terrestrial climate similarity with European countries to be considered a substantial terrestrial NIS spread risk, while China has potential to increase the risk of marine NIS species spread in Europe.
INTRODUCTION
Arctic sea ice has shrunk by 12% per decade since the late 1970s (Stroeve et al., 2012) , a trend that is expected to continue in the coming decades (Comiso, 2012; Stroeve et al., 2012) .
This decline in Arctic ice is likely to allow more frequent use of Arctic sea routes for shipping (Borgerson, 2008; Eguíluz et al., 2016) , with fairly reliable year-round use expected by 2030 (Wang & Overland, 2012) . This paper investigates the potential impact increased shipping through the Arctic would have on the spread of nonindigenous species (NIS) throughout the Northern Hemisphere. NIS, or species transported via anthropogenic means to new areas where they are not native, can become invasive in their new locations causing substantial environmental and economic harm (Blackburn et al., 2014; Pimental et al., 2014) . Increased NIS spread could therefore represent an unintended cost associated with increased Arctic shipping.
Two main routes are expected to see expanded use due to melting Arctic ice, the Northern Sea Route and the Northwest Passage (Figure 1 ). The Northern Sea Route reduces the marine distance between Northwest Europe and Northeast Asia by 40% compared to the passage through the Suez Canal (Liu & Kronbak, 2010; Schøyen & Bråthen, 2011) . The Northwest Passage reduces the sailing distance between Northeast Asia and the U.S. Atlantic coast by 23% compared to the route via the Panama Canal (Bekkers et al., 2016) . The two Arctic routes allow shipping companies to avoid increased tolls in the Suez and Panama Canals (Jervis, 2016) and would allow navigation of super ships that are larger and able to carry greater volumes of cargo. Non-cost advantages of the routes include the ability of ships to avoid politically unstable regions in the Middle East and pirate infested waters (Hong, 2012) , such as the Strait of Hormuz, where an armed attack on cargo ships occurred in 2008 (Borgerson, 2008) . As a result, the Arctic sea routes may be used to facilitate international trade (Faury & Cariou, 2016; Schøyen & Bråthen, 2011) , thereby increasing trade volumes between the related regions (Kerr, 2012) .
Many studies have demonstrated a close relationship between trade and NIS, with shipping being identified as the main vector of NIS in aquatic ecosystems. Olson (2006) reviewed numerous studies of biological invasions and highlighted that international trade is an important vector that links to the existence and spread of invasive species internationally. Cook and Fraser (2008) and Perrings et al. (2010) both confirmed a strong relationship between trade and invasive species spread, while Chapman et al. (2017) recently found a strong relationship between a country NIS invasion risk and its connectivity to global trade networks. Globally, shipping has been found to be responsible for 69% of marine invasive species (Molnar et al., 2008) and 60% of NIS in the freshwater Laurentian Great Lakes (Horan & Lupi, 2005) . Risks associated with oceanic shipping come primarily from hitchhiking species on ship hulls (hull fouling) and in ballast water (Drake & Lodge, 2007; Keller et al., 2011) . Of these risk vectors, ballast water has received the most policy attention.
Non-voluntary hull fouling policies only exist in Australia and New Zealand, despite the fact that hull fouling is at least equally responsible for ship-borne NIS as ballast water (Molnar et al., 2008) . Trade-related risks of introduction of terrestrial species come from hitchhiking species on cargo and packing materials (Lodge et al., 2006; Naylor et al., 2001; Work et al., 2005) . As a result, ships have been identified as the most common vector of NIS spread around the world (Cook & Fraser, 2008; Keller et al., 2011; Miller & Ruiz, 2014) .
Herein, we focus on the possible changes in NIS risk along the Atlantic coasts of the U.S., Europe, and selected countries in the Asia-Pacific region (i.e., China, Japan and South Korea) due to expected changes in Arctic shipping. The focus is based on the potential for increased trade volumes in these countries when the Arctic sea routes are available. Our measure of NIS spread risk is comprised of two components: the changes in risk of terrestrial and marine NIS introduction and the risk of terrestrial and marine NIS establishment. Our estimation of changes in risk of introduction, which is described in the next section, is novel in that we use bilateral trade flows of key commodities from a computable general equilibrium modeling framework (Countryman et al., 2016) . Our risk of establishment is based on climatic similarities between regions. Since we only examine the NIS risk on the east coast of the U.S., and China is a relatively large country with a long coastal area in the east, we only select the climate stations in the east coast of these two countries for examination. Other countries in the analysis have relatively small sizes; therefore, we employ data from all stations in the remaining countries considered.
METHODOLOGY
We combine two independent events, introduction and establishment of NIS conditional on being introduced, to examine the risk of NIS spread into a country or region. Establishment of NIS in a region indicates survival of species introduced to that region, while spread of NIS into a country/region in this study means a combination of an initial introduction and establishment into a country/region. Note, we do not specifically address an invasion, which would depend on economic and ecological harmfulness and is beyond the scope of this work, nor do we address secondary spread throughout a country/region.
The combination of these two independent events, NIS introduction and establishment, has been thoroughly investigated in order to determine the risk of invasion to a new environment (Drake & Lodge, 2007; Seebens et al., 2013; Sylvester & MacIsaac, 2010) . We assume that propagule pressure of NIS, which includes both the number of individuals released during a single event and the number of discrete release events, to a given location depends on import volume to that country. Establishment of NIS, which is the survival and reproduction of a species once introduced, is assumed to rely on climate similarities between that country and the country of origin. Climate similarity has been extensively used to examine the establishment of NIS between large environments (Bacon et al., 2014; Bomford et al., 2009; Howeth et al., 2016) and also to project potential habitats for non-native species (Howeth et al., 2016; Seebens et al., 2016) .
The methods used in this study provide two key extensions in the context of examining the spread of NIS to a specific country or region. First, expected changes in bilateral aggregated trade flows of all commodities used in this study are derived from a global economic model to provide more comprehensive estimates of trade-related risk than do previous methods which rely mainly on shipping data (Seebens et al., 2013; Ware et al., 2014; Xu et al., 2014) .
These shipping-based models of risk are not able to provide general equilibrium effects on the global economy and changes in trade volumes, as they only consider changes in shipping traffic. Our trade and corresponding NIS introduction risk results, on the other hand, are derived from simulations of a computable general equilibrium model, which take into account the potential economy-wide effects from using the Arctic shipping routes. Second, we use 2030 projected terrestrial climate data (Hijmans et al., 2005) to compare future terrestrial climate similarities between countries or regions affected by opening Arctic sea routes.
Previous habitat matching models in the Arctic have focused either on current climates (Seebens et al., 2013) or on future climates in small geographic areas (Ware et al., 2014) . (1) in detail.
It is noted that there is a convention in the Global Trade Analysis Project (GTAP) model.
That is, original levels of prices for commodities are assumed to equal 1. Hence, though data for the model is measured in dollar values, we can still observe changes in quantity units after a shock or change in the model.
We compare the relative changes in risk of NIS introduction to country m by comparing real changes in import quantities by country m from country n. That is,
where !,! (percentage) are shares of real increased imports by country m from country n; ∆ !,! is real change in quantity units in imports by country m from country n; N is the set of country n.
As a result, we compare the relative changes in risk of NIS spread to country m from every country n, !,! (percentage change), according to equation (3):
Countries/Regions of Concern
This study considers relevant coastal countries with large trading volumes that are expected to be substantially impacted by future Arctic shipping. Trade of many inland countries will also affected by these expanded navigable openings; however, in this study we focus on coastal areas -the environments where NIS would be introduced to, and spread from, initially. In the Asia-Pacific region, three major trading groups are selected: China, Japan and South Korea (group 1). In Europe, twelve coastal countries with relatively large trading volumes are selected: Finland, Sweden, Norway, the United Kingdom, Germany, the Netherlands, Demark, France, Ireland, Spain, Portugal and Poland (group 2). Only the east coast of the U.S. (group 3) is considered because the Arctic routes are primarily expected to increase trading activities in the eastern region of the U.S. due to the decreased shipping distances with the aforementioned countries resulting from the opening of the Arctic shipping routes.
Risk of NIS Introduction and the Trade Model
Change in risk of NIS introduction into a region is based on changes in imports to the region due to open Arctic shipping routes, measured by the modified GTAP model of Countryman et al. (2016) . The full description of the standard GTAP model can be found in Hertel (1997) ; the extended features are provided in Countryman et al. (2016) . Briefly, the GTAP model is a global static computable general equilibrium (CGE) model. It involves interactions of representative economic agents and institutions at country and international levels under common economic assumptions -markets for goods and factors of production clear, markets are competitive, and firms earn zero profits due to free entry.
There are a number of reasons the research undertaken by Countryman et al. (2016) economy. This model is widely recognized as one of the best-suited methods to evaluate the effects of international and regional trade related policies and facilitation (Dennis, 2006; Hertel, 2013) .
Trade networks are interwoven, and models that focus on a single region in isolation generally perform poorly when the driving factor (e.g., a melting Arctic) is global, or affects multiple regions. Studies that focus on ships, rather than trade, are able to analyze vectorspecific, or technology-specific risk, but are one-step removed from the economic forces that impact risk. Open Arctic routes affect relative trade costs, which in turn affects the composition of goods moved round the globe. If we think of the global shipping network, trade acts as the pulse along that network. Trade models like the one used here can tell us the relative size of those pulses and what type of goods will be traded. By analyzing trade directly, we can more accurately describe the type of species likely to be in the vector. This work, in turn, lays the foundation for technology-specific prevention and control policies.
Risk of NIS Establishment via Climate Matching
We estimate the risk of terrestrial NIS establishment based on terrestrial climate similarities between regions by using the weighted Euclidean distance between 16 terrestrial climate variables as shown in the upper part of Table 1 ( Crombie et al., 2008) . The same Euclidean method is applied to examine the risk of marine NIS establishment, but using four current marine climate variables shown in the lower part of Table 1 . The Euclidean algorithm developed in our model closely follows the algorithm in the Climatch model (Crombie et al., 2008) . Calculations are completed in R (R Core Team, 2014).
Equation 4 calculates the weighted climatic distance d i,j between weather station i in country
m and weather station j in country n. That is, every weather station in a country is first compared to every weather station in all of the other countries.
where !,! and !,! are the k th climate variable for the i th and j th stations, and ! ! is the variance of the k th climate variable. Scanning through all weather stations in country n, the minimum distance (i.e., the closest climate match) across all sites in the trading country is assigned to that i th weather station. Then we perform a simple transformation,
The higher values in the equation above indicate better climate matches. The min subscript denotes the closest climate match, or least distance. The floor function results in the greatest integer that is less than or equal to its argument, essentially transforming any number in brackets into an integer. For example, the floor of 5.2 is 5, and the floor of 3.8 is 3. We consequently obtain integer values between 0 and 10 for !,!"# . At the final stage, we calculate the measure of climate similarity C m,n as the percentage of meteorological stations in country m with a climate score of eight or higher with country n. We select a climate score of eight as a cut-off for identifying climate similarity between countries/regions since this number has provided moderate to high NIS risk profiles in other studies, such as in Bomford et al. (2009) . Also, this number resulted in a larger range of C m,n scores among source countries allowing for better discrimination of climate similarities. Such climate matching has been widely used to estimate NIS establishment risk (Britton et al., 2010; Kalous et al., 2015; Kopecký et al., 2013) .
For the future terrestrial climate, we used 16 terrestrial climate variables from http://www.worldclim.org/ (Hijmans et al., 2005) . We obtained 2030 terrestrial climate, using 'representative concentration pathway 4.5' (RCP45) from the Goddard Institute for Space
Studies Russell ModelE version 2 (GISS-E2-R) associated with the Coupled Model
Intercomparison Project Phase 5 (CMIP5) downscaled to 10 arc minutes resolution (these are available on the website of the World Climate (2008)). Although the projected greenhouse gas concentrations under commonly used RCPs diverge greatly from the middle of the century, the expected concentrations are very similar in 2030 (Meinshausen et al., 2011) .
Hence, we select the medium concentration pathway 4.5, which peaks in 2040 and decreases thereafter. Current marine climate variables for ports in both destination and source countries were collected from Keller et al. (2011) , which have been widely used to estimate invasive species risks within the global shipping network. Unfortunately, data for marine climate projections in 2030 were not readily available at the appropriate scale for this study. Countryman et al. (2016) . Relatively large baseline import volumes imply that even a small percentage change in imports (∆ !,! ) could mean a substantial change in import volume (∆ !,! ) and corresponding change in NIS introduction risk. east coast by 23%. However, the weighted distance calculated in Countryman et al. (2016) applies to the total distance reductions for shipping to the U.S., where distance is only reduced for the U.S. east coast and distances to the U.S. west coast remain the same. This causes the calculations for cost reductions associated with the volume of trade to be relatively small compared to total trade volume of the whole country. As a result, percentage changes in trade between Asia-Pacific countries and the U.S. are much lower than those estimated for Asia-Pacific countries and Europe.
RERULTS AND DISCUSSION

Risk of NIS Introduction from Trading Results
The operation of the Northwest Passage may result in relatively low increases in total bilateral trade between the U.S. and China, Japan, and South Korea, ranging from 6% to 9%.
On the other hand, trade between Asia-Pacific countries and European countries may increase considerably with the operation of the Northern Sea Route. Total imports by all European countries from the three Asia-Pacific countries may increase at particularly high rates. The large differences in percentage changes in trade between Asia-Pacific countries and Europe compared to those between Asia-Pacific countries and the U.S. result from differences in the relative reductions in sailing distances when using the Arctic routes. Table 4 reports the percentage changes in 2030 imports in real terms by comparing the real increases in imports from trading partners ( !,! in equations 2 and 3). For example, the first row of Table 4 indicates that increased U.S. imports are mainly from China (62%), followed by Japan (24%) and South Korea (14%). This indicates that the increases in risk of terrestrial and marine NIS introduction in the U.S. originating from China may be as much as 2.5 times compared to the potential increases in risk from Japan to the U.S., and as much as 4.5 times relative to the potential increases in risk from South Korea.
As noted in Table 3 , although percentage changes in imports (∆ !,! ) by each Asia-Pacific country from the U.S. are relatively small compared to those from European countries, their real import levels (∆ !,! ) from the U.S. may increase considerably due to higher baseline trade volumes (from Table 2 ). In fact, Table 4 shows that real imports by China, South Korea, and Japan from the U.S. would increase at the highest rates. Chinese imports from the U.S.
would increase by a substantial amount, which accounts for 44% of the total new imports expected with Arctic shipping. Increased imports from the U.S. by Japan and South Korea account for 29% and 36% of their total changes in imports resulting from Arctic shipping, respectively. Imports into Asia-Pacific countries from Germany also account for large shares.
For example, new imports into China from Germany are 23% of China's expected change in total imports, while the new import shares from Germany are 27% and 29% of the changes in total imports for Japan and South Korea, respectively. Changes in European imports are dominated by increases from China, as nearly three-fourths of the new imports to each European country, when Arctic shipping is used, are from China.
New trade resulting from Arctic shipping (Table 4) indicate that increased risk for terrestrial and marine NIS introduction to China, South Korea, and Japan is primarily from the U.S., followed by Germany. Risk for NIS introduction into European countries from China is estimated to be as much as 2 to 9 times higher than the potential for introduction from Japan, and 3 to 21 times higher than potential introduction from South Korea. For some countries such as Finland, the United Kingdom, Denmark, France, Belgium and Portugal, the risk for NIS introduction from Japan is twice as high as potential introduction from South Korea.
Risk of Terrestrial and Marine NIS Establishment via Climate Matching
The potential for terrestrial and marine NIS to become established in a new environment is a function of the similarity of terrestrial and marine climate, respectively, between trade partners. The climate similarity between regions is indicated by scores ranging from zero to ten. Table 5 shows the percentage of meteorological stations of the countries in the rows matching climates with stations of countries in the columns at climate similarity scores of eight or higher ( !,! in equations 1, 2, and 3). There are two key drivers for high terrestrial climate matches. Matches tend to be high if both regions are located within a similar range of northern latitudes, and if the altitudes in each region closely resemble each other. The marine climate matching between regions mainly depends on the similarities of fresh water flows from rivers, evaporation, rainfall and wind (NASA, 2013).
In general, Table 5 It is worth noting that climate matching between any two countries is not symmetric. That is, the match for country m with country n is not necessarily the same as country n's match with country m. This is because the number of stations in each region is different, and finding the minimum score by scanning/looping all stations j in country n for a given station i in country m is different from the minimum score if doing from another direction.
Regarding terrestrial climate matching ( terrestrial NIS spread to the U.S. east coast (27%), followed by Japan (21%) if the Arctic shipping routes become operational (Figure 2 (a) ). The relatively high risk from China, despite relatively low terrestrial climate similarity, is because Arctic shipping is expected to substantially increase U.S. imports from China. The risk of terrestrial NIS spread to the U.S.
from South Korea is unlikely to change because Arctic shipping is expected to have relatively lower impacts on trade, and the U.S. east coast has relatively low levels of terrestrial climate matching with South Korea. Arctic routes are not expected to impact trade between China, South Korea and Japan. Japan is primarily exposed to risk for spread of terrestrial species from the U.S., driven by large expected changes in trade and high climate matches, whereas the increase in risk of NIS spread from Europe to Japan is relatively small. Risks for terrestrial NIS spread to South Korea are relatively low overall, as South Korea has low levels of terrestrial climate matching with other regions and low expected changes in trade. The main source of increased terrestrial NIS spread risk to European countries is from Japan (12%), given high terrestrial climate matching, followed by China (2%). There is no change in risk of terrestrial NIS spread from South Korea to European countries because of low levels of terrestrial climate matching.
The change in risk of marine NIS spread to the U.S. is dominated by China (61%), followed by Japan (21%) and South Korea (10%) (Figure 2 (b) ). This is result from a higher increase in U.S. import volumes from China compared to Japan and South Korea when Arctic shipping routes are used. Similarly, the U.S. poses the highest potential threat of marine NIS spread to China (44%), Japan (29%), and South Korea (36%), because of large expected changes in trade and high climate matches, while marine spread risk from European countries is negligible.
Risk of marine NIS spread to European countries is highest for China (60%), while Japan and South Korea only account for 8% and 2% change in marine NIS spread risk to European countries, respectively. This result is explained by high level of marine climate similarities between European countries and China compared to the similarities with Japan and South Korea, and because Chinese imports to Europe are expected increase more than Japanese and South Korean imports. Figure 3 is a visual representation of the results in Figure 2 , and outlines the changes in risk of terrestrial and marine NIS spread. As illustrated, China and the U.S. mutually expose relatively high risks of both terrestrial and marine NIS spread to each other compared to the mutual relationships between other trade partners. However, our findings may underestimate the total risk for NIS spread, as we highly rely on climate matching levels. When two regions have dissimilar climates, we conclude the risk of establishment is relatively low, but many established NIS are generalist species that are able to thrive in a wide range of climate conditions (Clavel et al., 2011) .
This study employs a new method in determining and comparing the changes in risk of terrestrial and marine NIS spread compared to previous risk analyses that considered specific transport vectors between ports (Seebens et al., 2013; Sylvester & MacIsaac, 2010; Xu et al., 2014) . Rather than focus on specific vectors, we aggregated import vectors by using trade flows to estimate the overall changes in risks of terrestrial and marine NIS introduction between countries. However, our trade-based risk assessment of terrestrial and marine NIS introductions may present several limitations. For example, the method assumes that risks derived from all commodities are equal. This may be not the case, as some commodities are sources of higher risks of terrestrial NIS introduction than others. For example, agricultural commodities may contain many terrestrial NIS compared to non-agricultural goods.
Nevertheless, focusing on economic drivers as done here allows us to get closer to the true source of risk than approaches focusing only on ships. We also ignore spatial variability within countries. Specific risks to each port cannot be identified in this study, as trade data is only available at country levels. In future work, we will link changes in trade to the associated ship types and movements specific to different product classifications. Finally, shorter voyage durations and adverse weather conditions during Arctic Ocean voyages should be considered in future work, as both factors may affect survival rates of species. Despite limitations, this is an important contribution to the literature and a topic area that warrants continued research.
CONCLUSION
This paper compares the changes in relative risk of terrestrial and marine NIS spread to a country from relevant trading partners due to the potential operation of the Northern Sea
Route and Northwest Passage in the near future. Prior to comparing the changes in risk of terrestrial and marine NIS spread, we evaluate the factors that jointly determine NIS spread risk: changes in risk of NIS introduction, which is tied to import vectors, and the risk of terrestrial and marine NIS establishment, which is determined by the levels of terrestrial and marine climate matching, respectively. Results indicate that the U.S., China, and Japan are mutually exposed to high risks of terrestrial and marine NIS spread from each other. China is a potential source of high marine NIS spread risk to European countries, but is not a threat for terrestrial species. Japan is a relatively important source for terrestrial and marine NIS spread to Europe. South Korea poses negligible to low terrestrial and marine NIS spread risk to the U.S. and Europe.
These findings imply several important policy implications. First, relatively high terrestrial and marine climate matching between the U.S. east coast, European countries, China, and Japan should be taken into account when considering trade policies between these regions due to the high potential for terrestrial and marine NIS establishment. Second, our findings suggest that U.S. and European monitoring and policy efforts may be best focused on commodities and ships traveling from China and Japan, and mitigation strategies targeted for
Chinese and Japanese species. Similarly, China, Japan, and South Korea should focus on potential risk from commodities, ships, and species sourced from the U.S. and Germany.
Europe may also need to pay more attention to Chinese marine species, as they pose the largest risk of spread to the European region if the Arctic routes become operational. Note: Increases in imports by countries in the rows (country m) from countries in the columns (country n).
Source: Countryman et al. (2016) . Source: Countryman et al. (2016) and calculations by the authors. Scores of 10 (dark red) have the highest degree of climate similarity with stations in the partner country.
